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Abstract — Tiinneling spectroscopy measurements are reported 
on optimally-doped and overdoped Bi2Sr2CaCu208+i single 
crystals. A novel point contact method is used to obtain 
superconductor-insulator-normal metal (SIN) and SIS break 
junctions as well as intrinsic Josephson junctions (IJJ) from 
nanoscale crystals. Three junction types are obtained on the 
same crystal to compare the quasiparticle peaks and higher 
bias dip/hump structures which have also been found in other 
surface probes such as scanning tunneling spectroscopy and 
angle-resolved photoemission spectroscopy. However, our UJ 
quasiparticle spectra consistently reveal very sharp conductance 
peaks and no higher bias dip structures. The UJ conductance 
peak voltage divided by the number of junctions in the stack 
consistently leads to a significant underestimate of A when com- 
pared to the single junction values. The comparison of the three 
methods suggests that the markedly different characteristics of 
IJJ are a consequence of nonequilibrium effects and are not 
intrinsic quasiparticle features. 

Index Terms — High-Tc superconductors, tunneling spec- 
troscopy, intrinsic Josephson junctions. 

I. Introduction 

WITH conventional superconductors, it is relatively easy 
to fabricate stable superconductor-insulator-normal 
metal (SIN) and superconductor-insulator-superconductor 
(SIS) planar type junctions and the tunneling spectra from 
these have provided a direct measure of the temperature de- 
pendent energy gap, A(T), and the electron-phonon interaction 
of strong-coupled BCS theory [1]. Yet for high temperature su- 
perconductors (HTS) no analogous planar junction technology 
exists. Consequently, our understanding of the quasiparticle 
density of states (DOS) is obtained from mechanical junction 
methods. In Bi2Sr2CaCu208+5 (Bi2212) for example, SIN 
point contact tunneling (PCX) [2,3], SIS break junctions 
[2,3,4,5] and Scanning Tunneling Microscopy/Spectroscopy 
(STM/S) vacuum junctions [4,6,7] have all been achieved and 
the results are consistent. The characteristic features of the 
Bi2212 junctions are quasiparticle peaks at the gap voltage 
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that are both larger and broader than expected from a d- 
wave DOS as well as reproducible dip and hump structures at 
higher voltages which appear to be related to strong coupling 
effects [4,7,8]. The magnitude of the energy gap is consistently 
around 35-40 meV for optimally doped samples of Bi2212 and 
decreases (increases) with overdoping (underdoping) [3,5,8]. 
Another type of tunneling configuration has emerged which 
is unique to the layered, HTS cuprates, namely the intrinsic 
Josephson junctions (IJJ) between adjacent sets of Cu-O 
layers (e.g. the bi-layers of Bi2212) within the bulk crystal 
[9,10,11,12]. Various techniques have been developed so that 
stacks with only a few junctions in series can be studied. 
The near perfect arrangement of such IJJ suggests that they 
will naturally lead to the intrinsic quasiparticle DOS of 
HTS, however, we will demonstrate here that the IJJ exhibit 
markedly different properties compared to the single-junction 
(SJ) methods and that the quasiparticle spectra of IJJ appear 
to be exhibiting nonequilibrium effects. 

Interest has increased in IJJ because fabrication methods 
such as the patterning of small area mesas have led to a 
manageable number of such junctions in series [10,11,12]. 
These are considered as c-axis tunnel junctions between sets of 
superconducting Cu02 planes. In the case of Bi2212, the Cu02 
bi-layers are only 0.3 nm thick and are separated by layers of 
Sr-O and Bi-O, which are 1.2 nm thick and act as insulating 
or semiconducting spacers. The measurements on small area 
mesas have generally been focused on the Josephson currents 
which can be studied at low bias voltages and the individual 
switching of each junction from the Josephson branch to the 
quasiparticle branch can be observed. Surprisingly, this same 
pattern has also been observed at times using break junction 
methods which are intended to produce only a single SIS 
junction between pieces of the HTS crystal. Presumably, in 
the case of Bi2212, nanoscale sized crystallites can result in 
the process of breaking the crystal and in some cases the I-V 
characteristics of these crystallites can be measured. 

The temperature and magnetic field evolution of current- 
voltage and conductance- voltage characteristics of IJJ have 
been intensively investigated. The study of the quasiparticle 
branch requires higher voltages and heating effects have been 
a problem. Various methods have been attempted to minimize 
such heating effects including intercalation and reduced junc- 
tion area, although the latter still leads to the same power 
per unit area. A short current pulse method has been used to 
minimize self-heating effects [12]. 

Conventionally, the surface of bulk crystals have been pat- 
terned for different sizes and chemically etched or ion milled 
to obtain stack of junctions. Current and voltage leads have 
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been connected using a passivation technique. This method 
allows a stable junction geometry so that temperature depen- 
dent measurements can be done very easily. This is the most 
important advantage compared to PCT, break junctions and 
STM. The disadvantage is that the chemical process steps may 
alter the intrinsic physical properties of the superconductor, 
especially the topmost Cu-O layer 

In this paper, we will present a tunneling study of optimally 
doped and slightly overdoped Bi2212 as obtained from both 
SJ (SIN and SIS) and IJJ junction types. All three junction ge- 
ometries are obtained in-situ from a bare crystal at 4.2 K using 
a point contact method with a blunt Au tip. We will compare 
results of the three distinct techniques and give an analysis 
of the quasiparticle tunneling spectra. It is argued that the 
strong dip/hump features found reproducibly in the SJ spectra 
are intrinsic and the absence of such features in the IJJ spectra 
are a consequence of heating or nonequilibrium processes such 
as quasiparticle injection. Finally, the temperature dependence 
of SIS and IJJ tunneling conductances are compared and we 
will argue that this measurement also points toward the SIS 
junctions as revealing the intrinsic quasiparticle DOS. 

II. Experiment 

Single crystals of Bi2212 were grown by a floating zone 
technique. As grown crystals are slightly overdoped and they 
are then annealed in Ar gas flow to obtain optimally doped Tc 
values with an onset at 95 K. Overdoping of samples has been 
achieved by annealing as grown crystals in O2 gas flow. The 
crystals of the present study have a Tc=82 K overdoped, and 
Tc=92 K near optimally doped with less than 2 K transition 
width found by ac susceptibility measurements. Tunneling 
measurements were done using a continuous flow cryostat 
with a tunneling apparatus described in ref. [13]. Most of 
the tunneling data are taken at T=4.2 K. Higher temperatures 
are obtained by adjusting the He gas flow and vaporizer 
temperature. Samples are cleaved with a scotch tape to obtain 
clean surface of a-b plane and immediately mounted to the 
system where the counter electrode, Au tip, approaches along 
the c-axis of the crystal. 

A novel method is used to form SIS break junctions and 
a detailed description can be found elsewhere [2]. First, 
SIN junctions are formed when the Au tip touches the non- 
conducting Bi-O/Sr-O surface bilayer The SIN junctions pro- 
vide an independent method for obtaining the superconducting 
gap. These conductances exhibit quasiparticle peaks at eV'^ A 
and clearly show the dip and hump features above A, most 
strongly observed in the occupied states of the DOS. With 
increased pressure the tip breaks through the insulating surface 
layer forming an ohmic contact to the crystal and this contact 
forms a strong mechanical bond as well. Further manipulation 
of the tip leads to a micro cleaving of Bi2212 where a small 
crystallite is stuck to the Au tip and an SIS junction can be 
formed between this crystallite and the underlying crystal. 
The convolution of the experimental SIN data with itself is 
then compared to the SIS conductances obtained from break 
junctions. In all cases, the SIS conductances show quasiparticle 
peaks at 2 A that are consistent with the A value obtained from 
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Fig. L (a) I-V and (b) dl/dV-V characteristics of IJJ made by point contact 
method on an overdoped Bi2212 crystal at 4.2 K. Josephson branches have 
been removed for clarity in dl/dV-V spectra. 



the SIN junction. This rules out the possibility of our SIS 
conductances being the result of multiple junctions in series. 
Additionally, the SIS conductances also show a symmetric dip 
and weak hump feature as well as the presence of a Josephson 
current. The magnitude of this current generally decreases 
as the junction resistance increases. Sometimes breaking the 
sample with Au tip resulted multiple junctions which exhibited 
the typical IJJ characteristics found on fabricated Bi2212 
mesas. The I-V curve show multiple Josephson branches with 
hysteretic switching properties. 

III. Results 

Figure 1(a) shows the I-V characteristics of an IJJ made 
by the point contact method on the overdoped Bi2212 crystal 
with Tc=82 K, on which SIN and SIS junctions were also 
obtained. Multiple Josephson branches and hysteretic behavior 
are observed. The gray curve represents bias sweeps from 
positive to negative voltage, and the black line is the reverse. 
Since it is assumed that the number of branches in the I- 
V curve is the number of junctions, n, the dynamical con- 
ductance peak corresponds to n times Ajjj. We will call it 
A/jj because of the substantially smaller value compared 
to A which is obtained from SIN and SIS junctions. In 
Fig. 1(a), 7 branches can be counted. In Fig. 1(b), is shown 
the tunneling conductance of the same junction. Here only 
the non-hysteretic branches of the I-V curve are shown for 
clarity. The spectra show very narrow conductance peaks, Vp, 
at ±274 mV without any features beyond ±nAijj. Below 
the conductance peaks, the tunneling conductance linearly 
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Fig. 2. Comparison of normalized conductance of SIS and IJJ on overdoped 
Bi2212 at 4.2 K. Inset shows tunneling conductance of a representative SIN 
spectra. All three spectra are obtained in a single run. 



increases up to ±200 mV, which is similar to observation of 
ref. [14]. 

The inset of Fig. 2 shows SIN tunneUng conductance 
characteristics obtained from the same crystal. The main 
panel of Fig. 2 shows the tunneling conductance of an SIS 
break junction at 4.2 K compared with the IJJ data. The 
voltage bias axis of IJJ data is divided by 7 because of 7 
branches, so both junction types can be shown on the same 
figure. The conductance peaks of SIS junction correspond 
to ±2A, ±62 meV. Furthermore, Josephson current peak at 
zero bias indicates the superconducting nature of the observed 
energy gap magnitude. An important difference between the 
two quasiparticle curves is the location and shape of the 
dynamical conductance peaks. Convolution of the SIN data 
to generate an SIS conductance leads to a shape consistent 
with the measured SIS data. IJJ displays sharp peaks at ±39 
mV which corresponds to 2A/ jj. Thus the IJJ leads to an 
underestimate of A and Aj jj ^ A. Excessive heat developed 
in the IJJ stack is the likely cause of the lower gap value. 
This leads to an effective temperature of the stack which can 
be significantly larger than the bath temperature. However, 
the ratio of A/,/,//A is around 0.65 which is close to the 
value of 0.6 found in the theory of Owen and Scalapino [15] 
that considers the nonequilibrium electron distribution caused 
by excess quasiparticle injection. Thus such injection effects 
might be playing a role in the IJJ quasiparticle characteristics. 
Since the barrier strength is weak between Cu02 planes, 
overinjection of quasiparticles may cause a nonequilibrium 
state [16]. Interestingly, near zero bias both junctions show a 
similar shape indicative of an anisotropic gap. The IJJ junction 
characteristics deviate for larger bias, again suggesting the 
development of a nonequilibrium state. 

Another striking difference shown in Fig. 2 involves the 
higher bias dip/hump features which are completely absent 
in all of the IJJ studied. Since the dip/hump features are 
reproducibly observed in the SIN and SIS junctions as well 
as in STM/S spectra, they must be considered to be intrinsic 
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Fig. 3. Temperature dependece of tunneling conductance for a SIS junction. 
Each spectra is shifted 0.4 mS from each other and Josephson current peaks 
are deleted for clarity. 



properties of the electron DOS in the superconducting state. 
Their absence in the IJJ spectra is consistent with the loss 
of superconductivity in the IJJ at high voltages due to a 
combination of heating and injection effects. Recently, the 
local temperature of the IJJ stacks have been obtained using 
a thin film thermocouple which is evaporated top of the mesa 
[17]. This technique shows that the local temperature of the 
mesa can exceed T^, for junction bias voltages near the gap 
voltage. This is consistent with the absence of dip and hump 
spectral features except when short-pulse methods are appUed 
[12] or Bi2212 is intercalated with HgBra [11]. 

We now turn to the temperature evolution of the gap 
features. Figure 3 shows temperature evolution of tunneling 
spectra from an SIS break junction on optimal doped Bi2212 
with Tc=92 K. Josephson current peaks are deleted for clar- 
ity. In conventional, s-wave superconductors, the temperature 
dependence of the energy gap magnitude, A(T), is well 
understood, both theoretically and experimentally. A(T) is 
nearly constant up to T^Tc/4. In the vicinity of Tc, it closes to 
zero where it is proportional to (l-T/Tg)^/^. High temperature 
superconductors exhibit properties which might affect this T 
dependence. One such property is the presence of a pseudogap 
well above Tc, up to a characteristic temperature T*, that 
has been detected by a number of experimental techniques, 
such as in-plane resistivity, ARPES, specific heat, and NMR. 
In addition to these experimental techniques, STM, break 
junction and planar tunnel junctions have also observed that 
the pseudogap exists as a depression in the DOS of Bi2212 
above T^. Irrespective of the presence of a pseudogap or 
its origin, the superconducting gap should exhibit a weak T 
dependence far below Tc. 
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Because of the low zero bias conductance and sharp con- 
ductance peaks in Fig. 3, we can directly find energy gap 
from conductance peaks which correspond to ±2A. For this 
junction, 2A=±67 meV. The data also show very strong 
dip features (almost zero conductance) which is consistent 
with a previous break junction tunneling study [8] of similar 
crystals with Tc=95 K. Tunneling conductance peaks smear 
when the temperature is raised from 4.2 K to 28 K, however 
position of peaks hardly moves at all, consistent with a nearly 
constant superconducting gap as expected from conventional 
BCS theory. This is illustrated in inset of Fig. 4 where the SIS 
gap (triangles) is compared with the BCS prediction (line). 
The Bi2212 gap drops slightly more rapidly than the BCS 
prediction but this can likely be accounted for by the d-wave 
gap symmetry in Bi2212. Figure 4 also shows temperature 
dependence of tunneling conductance of an IJJ obtained from 
the same Bi2212 crystal. The hysteretic branches are displayed 
because the bias sweep direction is a decreasing voltage. The 
conductance peak voltage rapidly decreases with increasing 
temperature. In addition, the branches also move and that is 
seen in previous studies of IJJ [11]. The details of strong 
temperature dependencies of IJJ conductance peak can be seen 
in inset of Fig. 4 (diamonds) along with data from 20x20 fim 
mesa (filled circles) fabricated on a similar Bi2212 crystal. 
What is clearly evident is that IJJ spectra either from point 
contact generated stacks or patterned mesas show a consistent, 
rapid decrease of the conductance peak with temperature. This 
is contrary to the SIS gap evolution (Fig. 3) and to the BCS 
prediction. This is a further indication that the conductance 
peak in IJJ is not revealing the true quasiparticle gap. 

In summary we have compared the quasiparticle spectra 
from single junction methods on Bi2212 with those of IJJ, 
including the temperature dependence. The characteristics of 
the IJJ spectra are very sharp conductance peaks, a reduced 
superconducting gap and the absence of dip/hump features. 
The conductance peak also exhibits an anomalously rapid 
decrease with temperature. All of these features indicate the 
IJJ spectra are affected by non-equilibrium processes. 
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